In our previous study, slaughterhouse sludge cake was trans-esterified to produce biofuel and some organic waste, i.e., crude glycerol. The crude glycerol was evaluated for feasibility of using crude glycerol as the feedstock to produce biofuel by anaerobic co-digestion with dairy cattle wastewater. Addition of crude glycerol significantly increased production efficiency of biogas but decreased the removal efficiency of total solids and volatile solids with increased crude glycerol volume. The results showed that the slaughterhouse sludge cake is a feasible feedstock for producing biodiesel and the waste, crude glycerol, can promote biogas production.
(about 8% v/v) resulted in an accumulation of propionate in the reactors and, finally, in the instability of the system [22] .
Anaerobic digestion of crude glycerol with dairy slurry was carried out in four laboratory-scale CSTR-type biogas digesters with a working volume of 3 L at 35-37 • C for a 10-week period. Compared to the control, methane contents were increased by 9.5, 14.3, and 14.6%, respectively, for the treatments of 5, 10, and 15% crude glycerol addition [23] .
Biogas production by co-digestion of cattle manure and crude glycerol was studied after pre-treatment of the cattle manure or mixtures of cattle manure with different amounts of added glycerol with ultrasound. Under mesophilic conditions, the addition of 4% glycerin to screened cattle manure increased biogas production by up to 400%. Application of sonication (20 kHz, 0.1 kW, and 4 min) to a mixture of manure plus 4% glycerol increased biogas production by up to 800% compared to untreated manure. The best results were obtained under thermophilic conditions using sonicated mixtures of ground cattle manure with 6% added glycerol [24] .
Thus, the objective of this study was to establish the optimal parameters for co-digestion of crude glycerol from trans-esterification of sludge cake with dairy cattle wastewater for recycling crude glycerol to produce biogas.
Material and Methods

Crude Glycerol Collection and Preparation
To summarize the results of our previous study, the sludge cake was collected from a selected commercial slaughterhouse and trans-esterified with methanol, n-hexane, and acidic catalysts at 55 • C. Results showed that the highest fatty acid methyl ester (FAME) yield achieved when 4% (v/v) of sulfuric acid or hydrochloric acid were added for a 24-h reaction, individually. Methyl esters of palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), and oleic acid (C18:1) were the major components of biodiesel from transesterification of slaughterhouse sludge cake. However, certain amounts of palmitic acid, palmitoleic acid, stearic acid, and oleic acid might remain in the crude glycerol and cause inhibitory effects of anaerobic digestion [15] . The n-hexane was removed from crude glycerol after centrifugation of crude glycerol layer at 4000 rpm for 6 min. Before anaerobic digestion of crude glycerol, the crude glycerol was neutralized by adding calcium hydroxide solution and the sediment (calcium sulfate) was filtrated after centrifuged at 4000 rpm for 15 min. The filtrate of crude glycerol was then stored at room temperature for further studies. The dairy cattle wastewater after solid/liquid separation and anaerobic sludge from the digesters of dairy wastewater treatment facility were taken from the livestock farm of National Taiwan University (NTU) and used as the primary feedstock and inocula for anaerobic digestion, respectively.
Design of Digesters for Co-Digestion of Crude Glycerol and Dairy Cattle Wastewater
Gas-tight screw-cap serum bottles (1 L serum bottle) with an S-shaped glass tubing connecting to a water displacement gas collector (water pH = 2.0) were used as anaerobic digester in this study. All gas-tight serum bottles with feedstock were incubated in a water bath at 35 • C during the experimental periods ( Figure 1 ). There was a three-way syringe valve with Luer lock on the top of the screw cap of all serum bottles for gas sampling periodically. The syringe valve was fixed on the top of the screw cap by filling with silica gel to prevent leaking from the capped serum bottles. After filling with a mixture of anaerobic sludge, dairy wastewater, and crude glycerol, oxygen can be used up by facultatively anaerobic bacteria inside the gas-tight serum bottles in 24 h. 
Time Course Experiments of Co-Digestion using Crude Glycerol and Dairy Cattle Wastewater as Feedstock
The feedstock for co-digestion was a mixture of dairy sludge and dairy cattle wastewater with different ratios of crude glycerol addition ( Table 1 ). The control set was a mixture of 300 mL dairy sludge and 620-680 mL of dairy cattle wastewater without adding any crude glycerol. For the addition ratios of 2, 4, and 8% (v/v) sets, there was 20, 40, and 80 mL of crude glycerol added into dairy cattle wastewater mixture, respectively. They were assigned as CG2, CG4, and CG8 for this study, respectively. The time course experiments were performed in triplicates in a 14-d period and the liquid samples were taken at the Days 0 and 14 for determination of chemical oxygen demand (COD), biochemical oxygen demand (BOD), suspended solids (SS), total solids (TS), volatile solids (VS), pH, and Volatile Fatty Acids (VFAs). Biogas production was recorded daily and gas samples were taken periodically and analyzed by gas chromatography. [25] . The pH of the samples was determined by a pH meter (PH200, CLEAN instruments Co., Ltd., New Taipei City, Taiwan). The values of VS are in dry basis.
Gas Contents of Gas Samples
Biogas samples were analyzed for their composition by gas chromatography (Master GC, DANI Instruments, Marlborough, MA, USA), which was equipped with a thermal conductivity detector (TCD) and Carboxen 1010 PLOT capillary column (30 m × 0.53 mm × 0.25 μm film thickness; Supelco Analytical of Sigma-Aldrich Co., Bellefonte, PA, USA) [26] . The sample injection volume was 250 μL and was injected using Pressure-Lok ® analytical syringes (VICI, Valco Instruments Co., Ltd., Houston, TX, USA). 
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Gas Contents of Gas Samples
Biogas samples were analyzed for their composition by gas chromatography (Master GC, DANI Instruments, Marlborough, MA, USA), which was equipped with a thermal conductivity detector (TCD) and Carboxen 1010 PLOT capillary column (30 m × 0.53 mm × 0.25 µm film thickness; Supelco Analytical of Sigma-Aldrich Co., Bellefonte, PA, USA) [26] . The sample injection volume was 250 µL and was injected using Pressure-Lok ® analytical syringes (VICI, Valco Instruments Co., Ltd., Houston, TX, USA).
Volatile Fatty Acids of Liquid Samples
The liquid sample (2 mL) was mixed with 500 µL of 20% H 3 PO 4 . The mixture was next centrifuged (Z 36HK, Hermle Labortechnik GmbH, Germany; radius of rotor = 10 cm) for 20 min at 4 • C with 15,000 rcf to remove solids in the solution. The supernatant was filtered through a 0.2-µm filter and transferred to a 2 mL gas chromatography vial. The identification of the volatile fatty acids (VFAs) of the effluent was conducted using gas chromatography (Agilent GC 7820A, Agilent Technologies) equipped with a flame ionization detector (FID) and a Nukol capillary column (30 m × 0.25 mm × 0.25 µm film thickness, Supelco) [25] . The WSFA-2 Mix (Sigma-Aldrich) was applied as the standard for calibrating acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid.
Statistical Analysis
The experimental data of different samples were then analyzed using the ANOVA procedure of data analyzing and graphing software, Prism 6 (GraphPad Software, San Diego, CA, USA) and Origin (OriginLab, Northampton, MA, USA), respectively.
Results and Discussion
Analysis of Feedstock for Anaerobic Co-Digestion
The feedstock for this study was dairy wastewater and crude glycerol. Dairy sludge was used as the inocula for anaerobic digestion. The pH, moisture, TS, and VS for all feedstock and experimental sets are shown in Table 2 . The TS and VS for all sets were 1.52-3.15% and 63.24-77.85%, respectively. The feedstock of the 2, 4, and 8% crude glycerol addition was prepared by deionized water and crude glycerol from transesterification of slaughterhouse sludge cake. The pH of all crude glycerol addition sets was 7.07-7.56 depending on addition ratio of acidic crude glycerol. The more crude glycerol added, the lower the pH of the feedstock retained. The acidic crude glycerol was obtained from acidic catalyzed transesterification of sludge cake. Applying certain amounts of Ca(OH) 2 on acidic crude glycerol can help to eliminate SO 4 2− by chemical precipitation. 
Biogas Production During the Co-Digestion of Dairy Cattle Wastewater and Crude Glycerol
The daily biogas production from the control set was much lower than the other treatment sets. The highest peak of daily biogas production for the CG2, CG4, and CG8 sets was at Day 2, Day 4, and Day 5, respectively (p < 0.05) (Figure 2a ). However, the total accumulated biogas production for the CG2, CG4, and CG8 sets was 2775.0 ± 97.3, 3395.0 ± 300.5, and 4383.3 ± 110.2 mL, respectively, compared to the control set 1691.7 ± 115.6 mL (p < 0.05) ( Figure 2b ). The more crude glycerol added, the more the total accumulated biogas production obtained. All biogas and methane production resulted from acetic acid utilization by acetogenic bacteria in the control and all crude glycerol addition sets ( Figure 6 ).
The methane concentrations increased rapidly in 4 d and were all higher than 70% in the biogas for all sets of anaerobic co-digestion in the 14-d period (p > 0.05) ( Figure 3a) . Moreover, the average methane concentrations were 74.99 ± 13.52%, 73.97 ± 18.44%, and 73.10 ± 24.03%, respectively, compared to the control set 70.40 ± 17.06% with no significant difference (p > 0.05) ( Figure 3b ). The methane concentrations increased rapidly in 4 d and were all higher than 70% in the biogas for all sets of anaerobic co-digestion in the 14-d period (p > 0.05) ( Figure 3a ). Moreover, the average methane concentrations were 74.99 ± 13.52%, 73.97 ± 18.44%, and 73.10 ± 24.03%, respectively, compared to the control set 70.40 ± 17.06% with no significant difference (p > 0.05) ( Figure 3b ). The methane concentrations increased rapidly in 4 d and were all higher than 70% in the biogas for all sets of anaerobic co-digestion in the 14-d period (p > 0.05) ( Figure 3a ). Moreover, the average methane concentrations were 74.99 ± 13.52%, 73.97 ± 18.44%, and 73.10 ± 24.03%, respectively, compared to the control set 70.40 ± 17.06% with no significant difference (p > 0.05) ( Figure 3b ). The daily methane production from the control set was much lower than the other treatment sets. The highest peak of daily methane production for the CG2, CG4, and CG8 sets was at Day 2, Day 4, and Day 5, respectively (p < 0.05) ( Figure 4a ). However, the total accumulated methane production for the CG2, CG4, and CG8 sets was 2064.0 ± 85.3, 2629.6 ± 209.4, and 3520.5 ± 95.3 mL, respectively, compared to the control set 1162.9 ± 102.4 mL (p < 0.05) ( Figure 4b ). The more crude glycerol added, the more the total accumulated methane production obtained. The daily methane production from the control set was much lower than the other treatment sets. The highest peak of daily methane production for the CG2, CG4, and CG8 sets was at Day 2, Day 4, and Day 5, respectively (p < 0.05) ( Figure 4a ). However, the total accumulated methane production for the CG2, CG4, and CG8 sets was 2064.0 ± 85.3, 2629.6 ± 209.4, and 3520.5 ± 95.3 mL, respectively, compared to the control set 1162.9 ± 102.4 mL (p < 0.05) ( Figure 4b ). The more crude glycerol added, the more the total accumulated methane production obtained. The daily methane production from the control set was much lower than the other treatment sets. The highest peak of daily methane production for the CG2, CG4, and CG8 sets was at Day 2, Day 4, and Day 5, respectively (p < 0.05) ( Figure 4a ). However, the total accumulated methane production for the CG2, CG4, and CG8 sets was 2064.0 ± 85.3, 2629.6 ± 209.4, and 3520.5 ± 95.3 mL, respectively, compared to the control set 1162.9 ± 102.4 mL (p < 0.05) ( Figure 4b ). The more crude glycerol added, the more the total accumulated methane production obtained. Accumulated methane production (mL) Except the CG8 set, the pH of all other sets was above 6.7. The pH of the CG8 set decreased rapidly after 5 d from pH = 7.07 to lower than 6.0 ( Figure 5a ) and the final pH of the feedstock was 5.76 ± 0.19 in the 14-d period. Results showed that it resulted from quick accumulation of the VFA, butyric acid, in the digesters during anaerobic digestion (Figures 5a,b and 6d ). The amount of VFA increased rapidly after the Day 2, however, the amount of VFA decreased for all other treatment sets ( Figure 5b ). The results implied that the daily biogas production decreased resulting from the accumulation of VFA and low pH of the feedstock after Day 6 in a 14-d period ( Figure 2 ). The optimal pH for anaerobic digestion was studied and defined as 6.8-7.2 [1] . Except the CG8 set, the pH of all other sets was above 6.7. The pH of the CG8 set decreased rapidly after 5 d from pH = 7.07 to lower than 6.0 (Figure 5a ) and the final pH of the feedstock was 5.76 ± 0.19 in the 14-d period. Results showed that it resulted from quick accumulation of the VFA, butyric acid, in the digesters during anaerobic digestion (Figure 5a,b and Figure 6d ). The amount of VFA increased rapidly after the Day 2, however, the amount of VFA decreased for all other treatment sets (Figure 5b) . The results implied that the daily biogas production decreased resulting from the accumulation of VFA and low pH of the feedstock after Day 6 in a 14-d period (Figure 2 ). The optimal pH for anaerobic digestion was studied and defined as 6.8-7.2 [1] . Except the CG8 set, the pH of all other sets was above 6.7. The pH of the CG8 set decreased rapidly after 5 d from pH = 7.07 to lower than 6.0 (Figure 5a ) and the final pH of the feedstock was 5.76 ± 0.19 in the 14-d period. Results showed that it resulted from quick accumulation of the VFA, butyric acid, in the digesters during anaerobic digestion (Figures 5a,b and 6d ). The amount of VFA increased rapidly after the Day 2, however, the amount of VFA decreased for all other treatment sets (Figure 5b) . The results implied that the daily biogas production decreased resulting from the accumulation of VFA and low pH of the feedstock after Day 6 in a 14-d period (Figure 2 ). The optimal pH for anaerobic digestion was studied and defined as 6.8-7.2 [1] . Due to hydrolysis and acidogenesis, and acetogenesis of the feedstock, the total amount of accumulated VFA increased in 3 d and then decreased resulting from proliferation of methanogen after 4 d for the control, CG2, and CG4 sets in the 14-d period (Figure 5b ). For the CG8 set, the pH of the feedstock decreased dramatically after 4 d due to rapid accumulation of VFA in the feedstock. This might imply that the low pH inhibited the growth of methanogen in the digester resulting in VFA accumulation.
The study of Siegert and Banks [12] showed that VFA caused inhibition of the cellulolytic activity at concentrations <2000 mg/L, and therefore, of the rate of cellulose hydrolysis. Moreover, the fermentation of glucose was slightly inhibited at VFA concentrations above 4000 mg/L.
For the CG8 set, total accumulated VFA was 1179.68 ± 20.06 mg/L at Day 5. However, total accumulated VFA rapidly increased from 1331.11 ± 24.45 to 1973.01 ± 89.40 mg/L (from Day 6 to Day 14) ( Figure 5b ). The amount of VFA in the feedstock was retained to the inhibitory limit (about 2000 mg/L). Daily biogas as well as methane production was also inhibited and coordinated with rapid accumulation of VFA from Day 6 (Figures 2a, 4a, and 5b) .
At the highest concentrations of acetic acid and butyric acid, 2400 and 1800 mg/L respectively, no significant inhibition of the activity of methanogenic bacteria was observed. However, when the propionic acid concentration was increased to 900 mg/L, significant inhibition of the bacterial growth was observed. The effect resulted in the accumulation of VFAs, and the total methane production became very low [11] . From the analyzed results of the VFA samples, acetic acid was the first accumulated VFA component compared to other components including propionic acid, butyric acid, and valeric acid (Figure 6a-d) . The propionic acid and butyric acid are transformed by acetogenic bacteria to H2, CO2, and acetic acid.
For the control set without adding crude glycerol, the highest peak of acetic acid and propionic acid was 336.57 ± 15.07 and 161.32 ± 12.02 mg/L at the Days 1 and 4, respectively (Figure 6a ). For the CG2 and CG4 sets, the highest peak of acetic acid was 442.65 ± 6.20 and 516.09 ± 23.53 mg/L at Days 1 and 2, respectively (Figure 6b -c). The highest peak of propionic acid was 200.46 ± 18.51 and 229.34 ± 11.8 mg/L at Days 5 and 7, respectively (Figure 6b-c) . For the CG8 set, the highest peak of acetic acid, propionic acid, and butyric acid was 920.34 ± 148.90, 276.90 ± 12.48, and 808.6 ± 48.7 mg/L at Days 7, 8, and 13, respectively (Figure 6d ). The highest concentrations of acetic acid and butyric acid, and propionic acid were less than the inhibitory limits (i.e., acetic acid < 2400, butyric acid < 1800, and Due to hydrolysis and acidogenesis, and acetogenesis of the feedstock, the total amount of accumulated VFA increased in 3 d and then decreased resulting from proliferation of methanogen after 4 d for the control, CG2, and CG4 sets in the 14-d period (Figure 5b ). For the CG8 set, the pH of the feedstock decreased dramatically after 4 d due to rapid accumulation of VFA in the feedstock. This might imply that the low pH inhibited the growth of methanogen in the digester resulting in VFA accumulation.
For the CG8 set, total accumulated VFA was 1179.68 ± 20.06 mg/L at Day 5. However, total accumulated VFA rapidly increased from 1331.11 ± 24.45 to 1973.01 ± 89.40 mg/L (from Day 6 to Day 14) ( Figure 5b ). The amount of VFA in the feedstock was retained to the inhibitory limit (about 2000 mg/L). Daily biogas as well as methane production was also inhibited and coordinated with rapid accumulation of VFA from Day 6 (Figures 2a, 4a and 5b) .
At the highest concentrations of acetic acid and butyric acid, 2400 and 1800 mg/L respectively, no significant inhibition of the activity of methanogenic bacteria was observed. However, when the propionic acid concentration was increased to 900 mg/L, significant inhibition of the bacterial growth was observed. The effect resulted in the accumulation of VFAs, and the total methane production became very low [11] . From the analyzed results of the VFA samples, acetic acid was the first accumulated VFA component compared to other components including propionic acid, butyric acid, and valeric acid (Figure 6a-d) . The propionic acid and butyric acid are transformed by acetogenic bacteria to H 2 , CO 2 , and acetic acid.
For the control set without adding crude glycerol, the highest peak of acetic acid and propionic acid was 336.57 ± 15.07 and 161.32 ± 12.02 mg/L at the Days 1 and 4, respectively (Figure 6a ). For the CG2 and CG4 sets, the highest peak of acetic acid was 442.65 ± 6.20 and 516.09 ± 23.53 mg/L at Days 1 and 2, respectively (Figure 6b-c) . The highest peak of propionic acid was 200.46 ± 18.51 and 229.34 ± 11.8 mg/L at Days 5 and 7, respectively (Figure 6b-c) . For the CG8 set, the highest peak of acetic acid, propionic acid, and butyric acid was 920.34 ± 148.90, 276.90 ± 12.48, and 808.6 ± 48.7 mg/L at Days 7, 8, and 13, respectively (Figure 6d ). The highest concentrations of acetic acid and butyric acid, and propionic acid were less than the inhibitory limits (i.e., acetic acid < 2400, butyric acid < 1800, and propionic acid < 900 mg/L) [11] . As a result, accumulation of VFA might not be the key factor to inhibit the daily biogas and methane production. The decreased pH values result from increased butyric acid and lack of buffer capability in the feedstock of the CG8 digesters.
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Removal Efficiency of TS and VS During the Co-Digestion Process
Experimental results showed that the TS removal efficiency of the control, CG2, CG4, and CG8 sets were 38.9 ± 4.9%, 30.2 ± 0.6%, 17.4 ± 2.2%, and 9.5 ± 1.4% in the 14-d period of anaerobic digestion, respectively (Figure 7a ). The more crude glycerol added, the lower the TS removal efficiency obtained (p < 0.05). Part of the VS, acetic acid, can be utilized by acidogenic and acetogenic bacteria to produce methane through anaerobic digestion [1] . Experimental results showed that VS removal efficiencies of the control, CG2, CG4, and CG8 sets were 34.2 ± 4.9%, 23.3 ± 0.9%, 13.7 ± 1.0%, and 5.5 ± 2.7% in the 14-d period of anaerobic digestion, respectively (Figure 7b ). A similar phenomenon was observed 
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Animals 2019, 9, x 12 of 17 which is the more crude glycerol added, the lower the VS removal efficiency obtained (p < 0.05). In brief summary, addition of crude glycerol decreased the removal efficiency of TS and VS but increased biogas production. This might indicate that the heterotrophic bacteria in the digesters prefer the readily degraded VFAs rather than either VS or TS to maintain their metabolism. In addition, some organic matters of the TS or VS might not be biodegradable. 
Control
Comparison of the Specific Biogas Production Among the CG2, CG4, and CG8 Sets During the Co-Digestion Process
We define the specific biogas production based one two parameters, the total initially loaded VS (VS loaded ) and total removed VS (VS removed ) during the anaerobic digestion. The specific biogas production increased with the addition of crude glycerol based on the data of the VS loaded for the control, CG2, CG4, and CG8 was 159.4 ± 5.2, 217.8 ± 9.1, 225.6 ± 13.7, and 216.0 ± 5.2 mL/g-VS load , respectively. The more crude glycerol added, the higher specific biogas production obtained (p < 0.05) (Figure 8a ). There was significant difference between the control and all crude glycerol addition sets (p < 0.05), but no significant difference on the specific biogas production among the CG2, CG4, and CG8 sets (p > 0.05) (Figure 8a) .
Furthermore, results showed that the decreased total VS amount removed during the 14-d period of anaerobic digestion comes with the increased addition amount of crude glycerol addition (Figure 8c ). The specific biogas production increased with the addition of crude glycerol based on the data of the VS removed for the control, CG2, CG4, and CG8 was 414.9 ± 57.0, 722.0 ± 20.6, 1310.0 ± 144.4, and 2307.2 ± 312.8 mL/g-VS removed , respectively. Thus, the increased specific biogas production comes with the decreased total VS amount removed during the 14-d period of anaerobic digestion. It implies that the more crude glycerol added, the higher specific biogas production obtained (p < 0.05) (Figure 8b ). In addition, there was significant difference on the specific biogas production among the CG2, CG4, and CG8 sets (p < 0.05) but no significant difference between the control and CG2 sets (p > 0.05) (Figure 8b ). If the microbial population is disrupted by LCFAs, inhibited digestion will occur, leading to volatile fatty acids (VFA) accumulation and depressed methane production [14] . A certain amount of LCFAs in the crude glycerol might lead to VFA accumulation and inhibitory biogas production. Results showed that the CG8 set added more crude glycerol than the other sets (CG2 and CG4) resulting in the lowest VS removal efficiency (Figure 8c ). Thus, the CG8 set achieved the highest specific biogas production based on the amount of VS removal (Figure 8b ). Animals 2019, 9, x 13 of 17 We define the specific biogas production based one two parameters, the total initially loaded VS (VSloaded) and total removed VS (VSremoved) during the anaerobic digestion. The specific biogas production increased with the addition of crude glycerol based on the data of the VSloaded for the control, CG2, CG4, and CG8 was 159.4 ± 5.2, 217.8 ± 9.1, 225.6 ± 13.7, and 216.0 ± 5.2 mL/g-VSload, respectively. The more crude glycerol added, the higher specific biogas production obtained (p < 0.05) (Figure 8a ). There was significant difference between the control and all crude glycerol addition sets (p < 0.05), but no significant difference on the specific biogas production among the CG2, CG4, and CG8 sets (p > 0.05) (Figure 8a ).
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Changes of Water Quality Indexes During Anaerobic Co-Digestion of Crude Glycerol and Cattle Wastewater
Experimental results showed that the final COD concentration in the liquid digestate of all digesters was 614.4 ± 93.3, 3057.8 ± 304.2, 6304.2 ± 598.3, and 14,316.0 ± 189.1 mg/L for the control, CG2, CG4, and CG8 sets, respectively (Table 3) . Thus, the COD removal efficiency for all digesters was 37.9 ± 8.9%, 59.8 ± 5.3%, 52.0 ± 3.2%, and 36.9 ± 1.9% during the 14-d period of anaerobic digestion, respectively. Addition of crude glycerol significantly increased the concentrations of COD in the digesters of all sets (p < 0.05) ( Table 3 ). Compared to the COD removal efficiency of the control set with the CG2 and CG4 sets, addition of crude glycerol significantly promoted COD removal efficiency except the CG8 set (p < 0.05). 
Experimental results showed that the final COD concentration in the liquid digestate of all digesters was 614.4 ± 93.3, 3057.8 ± 304.2, 6304.2 ± 598.3, and 14,316.0 ± 189.1 mg/L for the control, CG2, CG4, and CG8 sets, respectively (Table 3) . Thus, the COD removal efficiency for all digesters was 37.9 ± 8.9%, 59.8 ± 5.3%, 52.0 ± 3.2%, and 36.9 ± 1.9% during the 14-d period of anaerobic digestion, respectively. Addition of crude glycerol significantly increased the concentrations of COD in the digesters of all sets (p < 0.05) ( Table 3 ). Compared to the COD removal efficiency of the control set with the CG2 and CG4 sets, addition of crude glycerol significantly promoted COD removal efficiency except the CG8 set (p < 0.05). Experimental results showed that the final BOD concentration in the liquid digestate of all digesters was 108.0 ± 19.4, 309.5 ± 34.7, 559.4 ± 31.9, and 3830.3 ± 176.7 mg/L for the control, CG2, CG4, and CG8 sets, respectively (Table 3) . Thus, the BOD removal efficiency for all digesters was 91.2 ± 1.3%, 90.9 ± 0.8%, 90.6 ± 0.7%, and 61.9 ± 1.5% during the 14-d period of anaerobic digestion, respectively. Addition of crude glycerol significantly increased the concentrations of BOD in the digesters of all sets (p < 0.05) ( Table 3 ). Compared to the BOD removal efficiency of the control set with the CG2 and CG4 sets, addition of crude glycerol did not significantly promote BOD removal efficiency (p > 0.05). The BOD removal efficiency of the CG8 set was the worst among all crude glycerol addition sets.
Experimental results showed that the final SS concentration in the liquid digestate of all digesters was 66.7 ± 23.1, 100.0 ± 13.2, 156.7 ± 27.5, and 610.0 ± 10.0 mg/L for the control, CG2, CG4, and CG8 sets, respectively (Table 3) . Thus, the SS removal efficiency for all digesters was 75.6 ± 7.2%, 76.4 ± 4.5%, 68.4 ± 1.6%, and 12.0 ± 1.8% during the 14-d period of anaerobic digestion, respectively. Addition of crude glycerol increased the concentrations of SS in the digesters of all sets (p < 0.05) ( Table 3 ). Compared to the SS removal efficiency of the control set with the CG2 and CG4 sets in all digesters, addition of crude glycerol did not significantly promote SS removal efficiency (p > 0.05). Indeed, the SS removal efficiency of the CG8 set was the worst among all crude glycerol addition sets.
In a brief summary, addition of crude glycerol significantly increased the concentrations of COD, BOD, and SS in all experimental sets (p < 0.05) ( Table 3 ). There was no significant difference on BOD and SS removal efficiency of the control, CG2, and CG4 sets. However, there was significant difference on COD removal efficiency among the control, CG2, and CG4 sets. The effluents from the digesters of the control, CG2, CG4, and CG8 sets need to be polished by activated sludge system to become qualified effluents.
The study of Fountoulakis et al. [22] applied crude glycerol, the by-product from biodiesel production, with dairy cattle wastewater for co-digestion experiments under mesophilic conditions. Their experimental results showed that addition of 1% (v/v) crude glycerol increased methane production by 112%. By comparing our results with those of Fountoulakis's study, we found that addition of 2% and 4% crude glycerol (i.e., CG2 and CG4) increased methane production by 117% and 226%, respectively [22] .
The study of Castrillón et al. [24] applied sonicated mixture of cattle manure and crude glycerol from biodiesel plant as the feedstock for co-digestion experiments under mesophilic conditions. Their experimental results showed that the specific biogas production was 235.1, 168.9, and 96.7 mL/g VS for the sets with addition of 2, 4, and 8% crude glycerol, respectively [24] . By comparing our results with those of Castrillón's study, we found that the specific biogas production in our study was 217.8 ± 9.1 and 225.6 ± 13.7 mL/g VS for the addition of 2% and 4% crude glycerol (i.e., CG2 and CG4), respectively [24] . However, the average methane content in the biogas of the CG2, CG4, and CG8 sets was 57.8%, 58.7%, and 58.4% [24] compared with 75.0 ± 13.5%, 74.0 ± 18.4%, and 73.1 ± 24.0% of our study, respectively. Thus, the results of our study show higher methane content compared to Castrillón's study [24] and without sonication of the feedstock.
Conclusions
In this study it was proved that crude glycerol from biodiesel production process could be recycled as a feedstock to promote methane production during the co-digestion process with dairy cattle wastewater. Experimental results showed that appropriate addition of recycled crude glycerol, from transesterification of slaughterhouse sludge cake, in the digesters for co-digestion can increase biogas production and methane concentration. The best crude glycerol addition ratio to the dairy cattle wastewater for digesters was 4% (v/v) based on the high COD, BOD, and SS removal efficiency in coordination with high methane concentration in the biogas and specific biogas production. The low pH of the feedstock resulting from inhibitory effect of LCFAs on microbial activity of hydrolytic bacteria, acidogens, acetogens, and methanogens as well as accumulation of butyric acid did affect the removal efficiency of the COD, BOD, SS, TS, and VS in the CG8 digesters. The achievement of this study of converting the waste crude glycerol into renewable biogas production can be applied in the near future to the slaughterhouse industry as an advanced approach of renewable application of slaughterhouse sludge cake.
